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Abstract 
 Ribbons of 4 µm thin 99.1% pure aluminum foil were cut and corrugated to 
replace the stock ribbon in an Apex 205 ribbon microphone. Prior to corrugation, half of 
the ribbons were sandwiched between two KimWipes and two pieces of cardstock then 
hammered to impart strain hardening. Each ribbon was placed into the microphone 
capsule and the frequency response of each ribbon was measured. A 10 second sine 
sweep from 20-20,000 Hz was played through a KRK Rokit 5 speaker and recorded 
through a ribbon microphone placed 6 inches away from the speaker cone. The signal 
generated by the ribbon microphone was recorded through a Presonus Firepod, and the 
software FuzzMeasure 3 was used to analyze the sonic characteristics of the microphone 
when outfitted with different ribbons. The stock ribbon demonstrated a level frequency 
response the mid range frequencies from about 85-500 Hz, which is often desirable, 
followed by an exponential decrease in the high frequencies starting at approximately 500 
Hz. In contrast, ribbons prepared for this investigation showed a loss in mid-range 
fidelity, with a 10 dB drop just after 90 Hz. The same exponential decay in the high 
frequencies was observed in all the ribbons tested. No large differences were observed 
between the hammered and non-hammered ribbons; as such, cold working the ribbon 
does not greatly affect the acoustic performance of a ribbon microphone. However, minor 
high frequency attenuation was observed in the hammered ribbon that could be caused by 
increased dislocation density, either by dislocations creating strain fields that cause phase 
interference with phonons, or by dislocations impeding electron flow. 
 
Keywords: materials engineering, ribbon 
microphones, aluminum, cold working, 
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Introduction 
Historical Background 
 Ribbon microphones first rose to prominence in 1933.1 The ribbon microphone’s 
invention is significant because it was the first high-fidelity microphone manufactured on 
a large scale. These early ribbon microphones were capable of reproducing human speech 
with unprecedented clarity, intelligibility, and fidelity (Figure 1).2 Unlike other 
microphones of the era, ribbon microphones had a “flatter” frequency response that also 
did not vary as much with the direction of the sound source, allowing ribbon 
microphones to more naturally capture both direct and ambient sounds. Furthermore, 
compared to other microphone styles at the time, ribbon microphones were relatively 
simple and easy to manufacture.3 As such, ribbon microphones saw heavy use in radio 
and television broadcast industries. 
 
Figure 1: Early ribbon microphone designs from left to right: 
PGD; AXBT; PGS2 
 
While the early ribbon microphones were praised for their fidelity, they also were 
plagued with extreme fragility.4 A large gust of wind or even speaking too close to the 
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microphone could damage the sensitive internal components. Furthermore, the early 
ribbon microphones could not keep up with the ever-increasing sound pressure levels 
delivered by electric guitar amplifiers. Due to their frailty, ribbon microphones fell out of 
favor in the audio engineering community after the 1950’s, being replaced by more 
rugged microphones that employed either moving-coil or condenser designs. 
 However, despite their falling out of favor, ribbon microphones saw a renaissance 
during the late 1990’s. Companies such as Royer Labs were able to design ribbon 
microphones that sounded even better than the early ribbon microphones of the 1930’s-
1950’s, yet were significantly more resilient (Figure 2).5 The microphones could be used 
on blaring guitar amplifiers, up close for intimate vocal performances, and sometimes 
even on drums. 
 
Figure 2: Two of Royer Labs' flagship microphone, the R121, being 
used to record a guitar amplifier5 
 
How a Ribbon Microphone Works 
 The primary function of a ribbon microphone is to aesthetically convert the 
acoustic energy of sound into electric current; compared to other microphone designs, 
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ribbon microphones accomplish their task in an elegantly simple fashion. The primary 
interface between converting sound into electric current is a 2-4 µm thin metallic foil, 
commonly made of pure aluminum, loosely suspended within a magnetic field (Figure 5). 
The ribbon is corrugated to provide extra elasticity. Sound waves cause this corrugated 
ribbon to vibrate within the magnetic field, creating a current in the ribbon that is 
proportional to the sound waves. Since this initial signal is weak, it is routed through a 
step-up transformer, which brings the signal to a voltage more useable by a preamp. Most 
of the recent advancements in ribbon microphone technology have involved either 
improving the transformer or the magnets. Furthermore, most of the design 
improvements to the ribbon have been mechanical in nature; comparatively little research 
has been published as to how materials science can improve the acoustic performance of 
the thin conductive ribbons. Such sets the stage for this exploratory investigation into 
how materials science can improve the acoustic performance of the ribbon. 
 
 
Figure 3: A schematic showing the components of a ribbon 
microphone 
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Preliminary Investigations 
 The first area of exploration into how materials science could improve a ribbon 
microphone was to attempt to use a freestanding superelastic Nitinol (a nominally 
equiatomic of Nickel and Titanium) thin film in place of the traditional aluminum foil. 
Using superelastic Nitinol could create a significantly more resilient microphone that 
would be capable of withstanding much higher sound pressure levels; such a microphone 
could find use in a live concert setting, especially when used on a loud drummer or brass 
ensemble. However, there were manufacturability issues with using Nitinol. A 
freestanding superelastic Nitinol thin film less than 4 µm thin would have to be created 
by physical vapor deposition (PVD), also known as sputtering. The Cal Poly 
microfabrication lab could not sputter Nitinol, and the companies who work with Nitinol 
films that were contacted could only fabricate Nitinol thin films in a shape-memory state. 
Furthermore, Nitinol would not make an ideal material for use in a ribbon microphone 
because it is too electrically resistive, having an electrical resistivity of about 82 µΩcm in 
the austenite phase, compared to aluminum’s electrical resistivity of 2.7 µΩcm.6 
However, the difference in electrical resistivity between aluminum and Nitinol does not 
preclude the investigation of other more conductive superelastic alloys, such as Cu-Zn-
Al.7 
 The next area of exploration was magnesium. Magnesium is less dense than 
aluminum, with a density of 1.7 g/cm3 compared to 2.7 g/cm3. Magnesium’s lower 
density could create more efficient power transfer from the sound waves in the air to the 
vibrations in the ribbon. However, the barrier preventing the use of magnesium was cost. 
A 2 in x 2 in piece of 5 µm thick magnesium foil would cost $2,334.50.8 This costs over 
100x more than a similar piece of aluminum, not to mention costing more that the retail 
price for a top-of-the-line ribbon microphone. 
 These barriers to investigation illustrate how constraining the materials selection 
criteria are for the ribbon in a ribbon microphone. The ribbon material must combine low 
electrical resistivity, low density, sufficient yield strength, manufacturability, and cost 
effectiveness; currently, no material better meets these criteria than commercially pure 
aluminum. However, these strict criteria do not preclude investigating how different ways 
of processing the aluminum affect its acoustic performance.  
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Theory: Phonon Interaction with Dislocations 
 The energy from a sound wave would be transferred into the thin aluminum 
ribbon via phonons, a wave propagating through a solid, crystalline lattice. A longitudinal 
phonon would propagate through the lattice in a periodic series of compressive and 
tensile stressing of the atoms. An edge dislocation, an extra half-plane of atoms, would 
create both compressive and tensile strains at the edge of the extra half-plane, 
respectively decreasing or increasing the atomic spacing with regard to the equilibrium 
spacing. This change in atomic spacing would effectively alter the phase relationship of 
the atoms around the dislocation as a phonon passes across the dislocation (Figure 4). A 
phonon’s interaction with a dislocation could cause reflections or phase shifts that would 
make the wave become nonsinusoidal, affecting the sound quality. Furthermore, the 
timbre of the microphone could also be affected depending on the relationship of 
phonon’s wavelength to the change in atomic spacing around the dislocation. 
 
Figure 4: Diagram of A) an exaggerated phonon9 and B) an edge dislocation10 
 
Social Constraints 
 While the cost and manufacturability constraints have already been touched upon 
earlier in this report, the social ramifications of this investigation have not been explicitly 
discussed. The invention and implementation of electrical audio recording techniques 
caused a paradigm shift in the audio recording industry, transforming it from an 
A B 
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enterprise based largely on guesswork to a profession increasingly grounded in science, 
mathematics, and systems engineering methods.11 However, scientific advancements in 
the audio recording industry have focused largely on mechanical and electrical design; 
comparatively little published data exists correlating materials science with acoustic 
performance in a musical context. This project could provide some insight into how a 
material’s structure and process history affect its acoustic performance, which in a 
broader context could aid in providing a more comprehensive understanding of how the 
culture of music and art interacts with the culture of science and engineering. 
 
Experimental Procedure 
Sample Preparation and Installation 
 Four strips of non-corrugated 99.1% pure aluminum foil measuring 100 mm x 13 
mm x 0.0004 mm were purchased. To impart additional strain hardening, two of these 
strips were placed between two Kimwipes, sandwiched between two layers of cardstock, 
then beaten 30-40 times with the flat side of a ball peen hammer (Figure 5). Visual 
inspection showed that the hammering created a noticeably rougher surface finish. 
 
Figure 5: Two of the four foil samples were cold 
worked by beating with a hammer through a layer of 
cardstock and a Kimwipe 
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After cold working the selected foil strips, two 5 mm wide ribbons were cut out of each 
strip using an X-Acto-knife, equipped with a “Number 1” blade, against a straight edge. 
This technique was imprecise, producing a more jagged edge than a professionally 
manufactured ribbon; professional manufactures use a more precise laser cutting 
process.12 Cutting the ribbons using a knife also made the ribbons prone to tearing. One 
ribbon was damaged beyond usability in the cutting process. 
 
Figure 6: An aluminum foil strip A) before cutting and B) after cutting 
 
Two methods were used to corrugate the ribbons. The first method was to manually press 
the foil against a steel gear (Figure 7). The gear’s teeth would impart the corrugations 
into the ribbon. However, this method was susceptible to tearing the ribbons, since steel 
has a higher hardness than aluminum, and since small tears were already present at the 
edges of the aluminum ribbon due to the cutting process. Two of the hammered ribbons 
were broken when attempting to corrugate using this method. The second method used 
was to lay the ribbons on a piece of foam and press the corrugated end of a pipe wrench, 
with the adjustable head removed, against the ribbon in sections, until the entire length of 
the ribbon was corrugated. Of the five remaining ribbons, two were corrugated using the 
A B 
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steel gear method, and three were corrugated using the pipe wrench method. The gear 
method produced an approximate corrugation density of 5 corrugations/inch, while the 
pipe wrench method produced an approximate corrugation density of 10 
corrugations/inch. 
 
Figure 7: Ribbon corrugation using a steel gear 
 
After corrugation, the ribbons were installed into the chassis of an Apex 205 ribbon 
microphone by hand (Figure 8). Although high-end, professional grade ribbons are 
installed by hand in industry, the process is still precarious.13 The ribbons could easily be 
torn when placing them into the clamps on the chassis. Two additional ribbons were 
broken during the installation process. After all the ribbon preparation and installation 
steps, three ribbons were left. One had been corrugated using the steel gear method, and 
the other two had been corrugated using the pipe wrench method. The ribbon corrugated 
using the steel gear method had not been previously hammered. Of the two ribbons 
corrugated using the pipe wrench method, one had been additionally cold worked by 
hammering, and the other was left as received. 
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Figure 8: The inside chassis of an Apex 205 ribbon 
microphone with the pressure baffles removed to 
reveal the ribbon motor 
 
Frequency Analysis 
 Frequency analysis tests were performed on the Apex 205 ribbon microphone 
with the stock and three experimental ribbons to measure the acoustic performance of the 
microphone. In the frequency analysis test, a pure sine wave sweep, with a frequency 
range of 20-20,000 Hz, was played through a speaker and was recorded through the 
ribbon microphone to be analyzed by spectral analysis software on a computer (Figure 9). 
The frequency range of 20-20,000 Hz was chosen because that is the nominal range of 
human hearing.14 The duration of the sine sweep lasted 10 seconds. A KRK Rockit 5 
studio monitor was used as the speaker to play the sine sweep, and the signal recorded by 
the ribbon microphone was transmitted to the computer through a Presonus Firepod 
preamplifier. For each trial, the gain on the preamplifier was adjusted to achieve the 
Clamp holding 
ribbon in place 
Pressure 
baffle 
removed 
Neodymium 
magnets 
Stock 
ribbon 
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highest possible signal without clipping or distortion. To minimize the sonic 
characteristics of the room, the microphone was placed relatively close, 6 inches, away 
from the speaker cone. The spectral analysis software used was FuzzMeasure 3, a 
spectrum analyzer specifically tailored for use in a musical context. The frequency 
response charts produced using this software were displayed with the “1/12 Octave 
Smoothing” feature enabled. 
 
Figure 9: A schematic of the frequency analysis test used to evaluate 
the acoustic performance of the ribbon microphone 
 
Results 
 The frequency response of the Apex 205 ribbon microphone was first measured 
with the stock ribbon installed (Figure 10). The software FuzzMeasure 3 uses Fast 
Fourier Transformations (FFT) to generate a plot of magnitude versus frequency of the 
recorded sine sweep. Such a plot would show how the microphone emphasizes certain 
parts of the audible spectrum and could provide some quantitative insight into the 
microphone’s timbre. The frequency response chart of the stock ribbon demonstrates a 
general trend that is indicative of most ribbon microphones: there is a “flatness” to the 
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mid range frequencies from about 85-500 Hz, which is often desirable, followed by an 
exponential decrease in the high frequencies starting at approximately 500 Hz. Some 
audio engineering professionals and audiologists have theorized that this “high frequency 
roll-off,” characteristic to most ribbon microphones, is the reason why many listeners 
find ribbon microphones so aesthetically pleasing, since the high frequency decay most 
closely matches that of human hearing compared to other microphone designs.15 
Furthermore, there appears to be a sharp low frequency cut around 50 Hz. The lack of 
low frequencies below 50 Hz is not necessarily characteristic of the microphone; rather, it 
is likely due to the speaker used, since the KRK Rockit 5 cannot accurately reproduce 
extreme low frequencies.16  
 
Figure 10: Frequency response of the Apex 205 ribbon microphone with a stock 
ribbon installed 
 
The ribbon corrugated using the steel gear method was directly compared to the stock 
ribbon (Figure 11). While the characteristic high frequency roll-off was also observed in 
the experimental ribbon, it did not possess the same mid-range fidelity as observed in the 
stock ribbon. The bass frequencies were greatly emphasized, with a sharp 10 dB drop just 
after 90 Hz. Furthermore, measurements of this experimental ribbon were conducted 
without the protective wire-mesh screen covering the ribbon motor. The removal of this 
Low frequency cut 
is most likely due to 
the speaker 
“Flat” mid-
range response 
High frequency 
“roll-off” 
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screen removed the peaks observed in the stock ribbon between 3,000-10,000 Hz. These 
peaks could be caused by sound reflecting of the wire screen; speaking into a metal can 
would be an extreme example of this effect. 
 
 
Figure 11: Frequency response comparison of the stock Apex 205 ribbon and the 
ribbon corrugated using the steel gear method; the measurement was taken for 
experimental ribbon without using the wire-mesh grill 
 
The frequency response of the hammered and non-hammered ribbons, both corrugated 
using the pipe wrench method, were compared (Figure 12). No large differences were 
observed between each ribbon. Both ribbons demonstrated the high frequency roll-off 
characteristic of ribbon microphones. Similar to the ribbon corrugated using the steel 
gear, the ribbons corrugated using a pipe wrench did not possess the mid-range fidelity 
found in the stock ribbon. However, small differences were observed between the 
hammered and non-hammered ribbons. The low frequency peak was 5 dB less severe in 
the hammered ribbon. While the hammered and non-hammered ribbons displayed a 
nearly identical response in the mid-range frequencies, the hammered ribbon displayed 
slightly more attenuation in the high frequencies after 1,000 Hz. 
Loss of mid-range 
fidelity in the 
experimental ribbon 
Peaks disappear 
when the wire-mesh 
screen is removed 
Stock Ribbon 
 
Steel-gear 
Ribbon 
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Figure 12: Frequency response comparison of the hammered and non-
hammered ribbons corrugated using the pipe wrench method 
 
Discussion 
 More ribbons that had received extra cold working broke during sample 
preparation and installation than ribbons that had received no additional cold working. 
While this might seem counterintuitive, since the additional strain hardening should 
increase the strength of the aluminum ribbons, it could indicate that ductility is more 
important from a manufacturability perspective. Ductility would be important both when 
conforming the ribbons to a corrugated surface and would be important when stretching 
the ribbon when installing it into the microphone. Strength would be important when 
recording sound sources with high sound pressure levels that could fracture the ribbon. 
Cold working would increase the strength of the ribbons, making the microphone more 
capable of withstanding louder sounds, such as drum hits. However, given the oscillatory 
nature of the ribbon, cold working could greatly reduce the ribbon’s fatigue life, 
especially since cold working such a thin ribbon could easily create micro-cracks and 
tears. 
Decrease in low 
frequency peak 
Nearly identical 
mid-range 
response 
Slight high frequency 
attenuation 
Non-hammered Ribbon 
 
Hammered 
Ribbon 
 19 
 The large difference in acoustic performance between the experimental ribbons 
and the stock ribbons is likely due to the increased manufacturing precision available in a 
professional setting. A professional manufacturer could more tightly control width and 
uniformity when cutting the ribbons, and many professional ribbon microphone 
manufacturers have patented or proprietary methods for precisely corrugating the 
ribbons.17 The loss of midrange fidelity in this investigation’s ribbons could be the result 
of the ribbon scraping against the sides of the magnets as it vibrates. The loss in fidelity 
could also be caused by tears near the ribbon motor clamps, which could introduce a 
torsional bending component when a sound wave interacts with the ribbon. 
 No large difference was observed in the acoustic performance of the hammered 
and non-hammered ribbons. This is expected, given the equation for characteristic 
acoustic impedance of a thin foil (Equation (1): 
 
! 
Zo = E"  (1) 
Where Zo is the characteristic acoustic impedance; E is the elastic modulus of the 
medium; 
! 
"  is the density of the bulk medium. Macroscopically, increasing the 
dislocation density would not affect the material’s Elastic modulus nor would it affect the 
density. As such, starkly different results between the hammered and non-hammered 
ribbons would not be expected. The decrease in the low frequency response of the 
hammered ribbon does not agree with the phonon-dislocation interaction hypothesis: 
lower frequencies, which carry more acoustic energy than higher frequencies, should be 
less impeded by a dislocation. The observed attenuation could be a result of the KRK 
speaker, since this region is close to the speaker’s low frequency limit. However, the 
slight high frequency attenuation observed in the hammered ribbon could still be the 
result of cold working due to increased dislocation density. Higher frequencies have 
shorter wavelengths, which could make a phonon more susceptible to phase interference 
when interacting with strain fields caused by a dislocation. An in creased dislocation 
density could cause the propagating wave through the ribbon to become nonsinusoidal, 
affecting its sound quality. Another way an increased dislocation density could affect the 
performance of a ribbon microphone is by impeding the path of electrons as they move 
through the ribbon. Similar to a grain boundary, a dislocation would also block the path 
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of an electric current. High frequencies carry less energy than lower frequencies, and as 
such, might not possess the energy to move past a dislocation, causing attenuation. 
 
Conclusions 
 The preparation, installation, and acoustic spectral analysis of hammered and non-
hammered 4 µm thin 99.1% pure aluminum ribbons has led to the following conclusions: 
1. Cold working the ribbon does not greatly affect the acoustic performance of a 
ribbon microphone. 
2. The slight high frequency attenuation observed in the hammered ribbon could be 
caused by increased dislocation density, either by dislocations creating strain 
fields that cause phase interference with phonons, or by dislocations impeding 
electron flow. 
3. Currently, no material better meets the criteria of low electrical resistivity, low 
density, sufficient yield strength, manufacturability, and cost effectiveness than 
commercially pure aluminum 
4. From a do-it-yourself manufacturing perspective, ductility is more valuable to 
strength; as such, additional cold working of the aluminum ribbons is not 
recommended.   
 Due to budget constraints, the test methods used in this investigation were 
imprecise; if this project were to continue, a greater level of precision would be required 
in both sample preparation and testing. Laser cutting of the ribbons would provide 
sufficient uniformity of ribbon dimensions. A more precise and consistent corrugation 
method would also need to be developed. Furthermore, the frequency response tests 
could be conducted in an anechoic chamber to minimize the impact of the acoustic space 
on the results. Furthermore, subjective studies could be conducted to further bridge the 
gap between scientific and musical aspects of this application. 
 An area of investigation that shows promise for ribbon microphones is melt 
spinning. Melt spinning produces amorphous metallic ribbons within the required widths 
and thicknesses. The lack of long-range order would cause significantly less damping as 
the ribbon vibrates; however, the musical implications of an amorphous metal are 
unknown.
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